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ENDQVASCULAR SYSTEM FO R ARRESTING THE HEART 

5 

CROSS-REFERENCE TO RELATED APPLICATIONS 

This application is a continuation-in-part of U.S. patent application Serial No. 
07/991,188, filed December 15, 1992, which is a continuation-in-part of U.S. patent 
application Serial No. 07/730,559, filed July 16, 1991. The complete disclosures of 
10 both applications are hereby incorporated herein by reference. 

FIELD OF THE INVENTION 

This invention relates generally to devices and methods for performing 
cardiovascular, pulmonary and neurosurgical procedures wherein cardiac function is 
15 arrested and the patient is placed on cardiopulmonary bypass. More specifically, the 
invention relates to devices and methods for isolating the heart and coronary blood 
vessels from the remainder of the arterial system, to facilitate arresting the heart and 
establishing cardiopulmonary bypass. 

20 BACKGROUND OF THE INVENTION 

Various cardiovascular, neurosurgical, pulmonary and other interventional 
procedures, including repair or replacement of aortic, mitral and other heart valves, 
repair of septal defects, pulmonary thrombectomy, coronary artery bypass grafting, 
angioplasty, atherectomy, treatment of aneurysms, electrophysiological mapping and 
25 ablation, and neurovascular procedures, may require general anesthesia, 

cardiopulmonary bypass, and arrest of cardiac function. In such procedures, the heart 
and coronary blood vessels must be isolated from the remainder of the circulatory 
system. This serves several purposes. First, such isolation facilitates infusion of 
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cardioplegic fluid into the coronary arteries in order to perfuse the myocardium and 
thereby arrest cardiac function, without allowing the cardioplegic fluid to be distributed 
elsewhere in the patient's circulatory system. Second, such isolation facilitates the use 
of a cardiopulmonary bypass system to maintain circulation of oxygenated blood 
5 throughout the circulatory system while the heart is stopped, without allowing such 
blood to reach the coronary arteries which might resuscitate the heart. Third, in cardiac 
procedures, such isolation creates a working space into which the flow of blood and 
other fluids can be controlled or prevented so as to create an optimum surgical 
environment 

10 Using current techniques, isolation of the heart and coronary blood vessels is 

accomplished by placing a mechanical cross-clamp externally on the ascending aorta 
downstream of the ostia of the coronary arteries, but upstream of the brachiocephalic 
artery, so as to allow oxygenated blood from the cardiopulmonary bypass system to 
reach the arms, neck, head, and remainder of the body. A catheter is then inserted 

15 directly into the ascending aorta between the cross-clamp and the aortic valve, and 

cardioplegic fluid is infused through the catheter into the ascending aorta and coronary 
arteries to perfuse the myocardium. An additional catheter may be introduced into the 
coronary sinus for retrograde perfusion of the myocardium with cardioplegic fluid. In 
addition, the myocardium is usually cooled by irrigating with cold saline solution 

20 and/or application of ice or cold packs to the myocardial tissue. Cardiac contractions 
will then cease. 

Known techniques for performing major surgeries such as coronary artery 
bypass grafting and heart valve repair and replacement have generally required open 
access to the thoracic cavity through a large open wound, known as a thoracotomy. 
25 Typically, the sternum is cut longitudinally (a median sternotomy), providing access 
between opposing halves of the anterior portion of the rib cage to the heart and other 
thoracic vessels and organs. An alternate method of entering the chest is via a lateral 
thoracotomy, in which an incision, typically 10 cm to 20 cm in length, is made between 
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ascending aorta, to introduce cardioplegic fluid into the coronaiy arteries for paralyzing 
the myocardium, and/or to introduce surgical instruments into the ascending aorta, the 
coronary arteries, or the heart for performing cardiac procedures. 

By "shaped," it is meant that the distal portion of the shaft is preset in a 

5 permanent, usually curved or bent shape in an unstressed condition to facilitate 

positioning the distal portion within at least a portion of the aortic arch, or that such a 
shape is imparted to the distal portion of the shaft by means of a shaping or deflecting 
element positioned over or within the shaft, as described in detail below. 

In a preferred embodiment, the distal portion of the shaft is preshaped so as to 

10 have a generally U-shaped configuration in an unstressed condition. Preferably, the U- 
shaped distal portion has a curvature corresponding to the curvature of the patient's 
aortic arch, usually having a radius of curvature in a range of 20 to 80 mm. In this 
way, when the preshaped distal portion is positioned in the aortic arch, the distal end 
will be disposed in the ascending aorta spaced apart from the interior wall thereof. 

15 Alternatively, the distal portion may have straight or curved segments with bends of 
relatively small radius between each segment to achieve a general "U fl shape. The 
bends and/or segments of the preshaped distal portion may be configured to engage the 
interior wall of the aortic arch to deflect the distal end into a desired position in the 
ascending aorta. In another embodiment, the preshaped distal portion may be "S"- 

20 shaped to facilitate positioning from a location superior to the aortic arch, such as 
through the brachial or carotid arteries and the brachiocephalic artery. 

The preshaped distal portion of the shaft may further have a distal segment 
which is positioned in the ascending aorta and a proximal segment which is positioned 
in the descending aorta, wherein the distal segment is skewed (non-coplanar) relative to 

25 the proximal segment Such a configuration mirrors the orientation of the ascending 
aorta relative to the aortic arch and descending aorta, facilitating more accurate 
placement of the distal end in the ascending aorta, spaced apart from the interior wall 
thereof, and preferably, aligned with the center of the aortic valve. 
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The invention preferably includes means in the shaft for straightening the 
preshaped distal portion. Usually, the straightening means comprises a straightening 
element slidably disposed in the first inner lumen having a stiffness greater than the 
stiffness of the preshaped distal portion. The straightening element may comprise a 
relatively stiff portion of a flexible guidewire extending through the first inner lumen, 
or a stylet having an axial passage through it for receiving a movable guidewire. 

Preferably, the shaft has a bending stiffness selected to maintain the position of 
the occluding means against systolic blood flow from the patient's heart when the 
occluding means is expanded. Usually, the shaft has a bending modulus in a range of 
70 to 100 kpsi. 

In a further alternative embodiment, the distal portion of the shaft is shaped by a 
means for deflecting the distal portion of the shaft from a generally linear configuration 
to one suitable for positioning in the aortic arch. In one embodiment, the deflecting 
means comprises a guiding catheter having an interior lumen in which the shaft may be 
positioned, a preshaped or deflectable distal portion for positioning in the aortic arch, 
and a distal opening in communication with the interior lumen through which the distal 
end of the shaft may be advanced. In this way, the distal portion of the shaft is 
deflected by the guiding catheter into a shape corresponding to the shape of the aortic 
arch, with the distal end of the shaft and the occluding means disposed in the ascending 
aorta. Similarly, in another embodiment, a shaping element such as a preshaped stylet 
or guidewire may be positioned in an inner lumen of the shaft so as to deflect the distal 
portion of the shaft into a shape generally conforming to the aortic arch. 

Alternatively, the partitioning device may have at least one pull wire or push rod 
attached to the distal end of the shaft and extending through an inner lumen to the 
proximal end. The distal portion may thus be deflected to conform to the shape of the 
aortic arch by applying tension to the pull wire or applying compression to the push 



rod. 
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In an exemplary embodiment, the occluding means has a collapsed profile for 
insertion into an artery such as a femoral and an expanded profile for occluding the 
ascending aorta, with the expanded profile diameter being about 2 to 10 times, and 
preferably 5 to 10 times, the collapsed profile diameter. In a preferred embodiment, the 
5 occluding means comprises an inflatable balloon, preferably of a polyurethane or 
polyurethaneypolyvinyl blend. In one embodiment, the balloon has a blow-up ratio 
(defined as the ratio of the inflated outside diameter to the deflated outside diameter 
before collapsing) in a range of 200%-400%, and includes at least one pleat or fold 
when deflated which allows the balloon to collapse to an even smaller collapsed profile. 
10 Through the use of such pleats or folds, a moderately compliant material may be used 
to maintain balloon shape and position under the conditions present in the ascending 
aorta, while accommodating a range of aortic diameters. The balloon is further 
configured to maximize contact with the aortic wall to resist displacement and prevent 
leakage around the balloon, preferably having a working surface for contacting the 
15 aortic wall with a length in the range of about 3 to about 7 cm when the balloon is 
expanded to fully occlude the vessel. 

Where a balloon is used for the occluding means, the endovascular device has 
an inflation lumen extending through the shaft from the proximal end to the interior of 
the balloon, and means connected to the proximal end of the inflation lumen for 
20 delivering an inflation fluid to the interior of the balloon. In one embodiment, the 

inflation fluid is a liquid such as a saline solution with a radiographic contrast agent. In 
a particular preferred embodiment, the inflation fluid delivery means and the inflation 
lumen are configured to inflate the balloon in less than about 0.5 seconds. Usually, in 
this embodiment, the inflation fluid is a gas such as carbon dioxide or helium. In this 
25 way, the balloon may be fully inflated between systolic contractions of the heart, 
reducing the likelihood of balloon displacement caused by high pressure blood flow 
during systole. 
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The shaft of the endovascular device of the invention may have a variety of 
configurations. The first inner lumen and inflation lumen may be coaxial, or a multi- 
lumen design may be employed. The shaft may further include a third lumen extending 
from the proximal end to the distal end of the shaft, allowing pressure distal to the 
occluding means to be measured through the third lumen. The shaft may also include 
means for maintaining the transverse dimensions of the first inner lumen, which may 
comprise a wire coil or braid embedded in at least the distal portion of the shaft to 
develop radial rigidity without loss of longitudinal flexibility. The shaft preferably has 
a soft tip at its distal end to prevent damage to the heart valve if the catheter comes into 
contact with the delicate valve leaflets. 

The shaft preferably has a length of at least about 80 cm, usually about 90-100 
cm, to allow transluminal positioning of the shaft from the femoral and iliac arteries to 
the ascending aorta. Alternatively, the shaft may have a shorter length, e.g. 20-60 cm, 
for introduction through the iliac artery, through the brachial artery, through the carotid 
artery, or through a penetration in the aorta itself. 

In a particular embodiment, the first inner lumen in the shaft is configured to 
allow introduction of surgical or visualization instruments through the lumen for 
performing cardiac procedures upstream of the occluding means. In this embodiment, 
the first inner lumen preferably has a diameter of at least about 5 mm. 

The endovascular device of the invention is particularly advantageous in that it 
is readily positionable in the ascending aorta, resists displacement caused by systolic 
blood flow, and maintains its position spaced apart from the aortic wall and axially 
aligned with the center of the aortic valve. The endovascular device is long enough and 
flexible enough to traverse the path through the femoral artery, iliac artery, descending 
aorta and aortic arch. At the same time, the device has sufficient pushability to be 
endovascularly introduced through the femoral and iliac arteries and advanced to the 
ascending aorta by pushing on the proximal end. Moreover, the device has sufficient 
axial, bending, and torsional stiffness to allow the physician to control the position of 
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the occluding member from the proximal end, even when the device is in a tortuous 
vascular structure. 

Because of its proximity to the left ventricle, the occluding means of the device 
is subject to significant forces from the outflow of blood during systole. Such forces 
5 could threaten to displace the occluding means either downstream where it might 

occlude the ostium of the brachiocephalic or other artery, or upstream (in a recoil effect) 
where the occluding means might damage the aortic valve or occlude the coronary ostia. 
Advantageously, the endovascular device of the invention is configured to maintain the 
position of the occluding means in the ascending aorta against the force of systolic 

10 outflow as the occluding means is expanded and retracted, as well as during the period 
in which the occluding means fully occludes the aorta but the heart remains beating. 

In addition, the shaped distal portion of the device maintains the distal end in a 
radial position spaced apart from the interior wall of the ascending aorta such that the 
distal opening is unobstructed and generally aligned with the center of the aortic valve. 

15 This facilitates aspiration of blood, other fluids, or debris, infusion of fluids, or 
introduction of instruments through the distal opening in the endovascular device 
without interference with the aortic wall or aortic valve tissue. 

In a further preferred embodiment, the invention provides a system for 
selectively arresting the heart which includes an endovascular aortic partitioning device 

20 as just described, along with means for paralyzing the patient's myocardium. Usually, 
the means for paralyzing the myocardium comprises means connected to the proximal 
end of the shaft for delivering cardioplegic fluid through the first inner lumen and out of 
the opening at the distal end of the device upstream of the occluding means. In this 
way, the occluding means may be expanded to stop blood flow through the ascending 

25 aorta, and cardioplegic fluid may be delivered through the first inner lumen to the aortic 
root and the coronary arteries to perfuse myocardial tissue, thereby arresting the heart 
The system may further include a cardiopulmonary bypass system having means for 
withdrawing blood from a venous location upstream of the heart, means for 
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oxygenating the withdrawn blood, and means for directing the oxygenated blood to an 
arterial location downstream of the occluding means. 

According to the method of the invention, the distal end of the shaft of the 
endovascular partitioning device is introduced into a blood vessel downstream of the 
patient's aortic arch. The shaft is transluminally positioned so that the distal end is in 
the ascending aorta and the expandable occluding member attached to the shaft near the 
distal end is disposed between the coronary ostia and brachiocephalic artery. The 
occluding member is then expanded within the ascending aorta to completely block 
blood flow therethrough for a plurality of cardiac cycles. 

In those embodiments in which the shaft of the partitioning device has a 
preshaped, usually U-shaped distal portion, the method will usually include the step of 
straightening the preshaped distal portion to facilitate introduction into the blood vessel, 
usually by positioning a stylet or guidewire in an inner lumen in the shaft The stylet 
may be withdrawn from the shaft as the distal portion is advanced into the ascending 
aorta to allow the distal portion to resume its preshaped configuration. In a particular 
embodiment, the method may further include, before the step of introducing the shaft 
into the blood vessel, the steps of determining a size of the patient's aortic arch, and 
selecting a shaft having a U-shaped distal portion with a size corresponding to the size 
of the aortic arch. 

Preferably, the shaft of the partitioning device is introduced through a femoral 
or iliac artery, brachial artery, carotid artery or other artery which is subcutaneously 
accessible without a thoracotomy. In this way, the device may be introduced and 
advanced into position with the patient's sternum and rib cage intact. 

When the occluding member is an inflatable balloon, the method further 
includes the step of delivering an inflation fluid to the balloon through an inner lumen in 
the shaft of the device. The inflation fluid may be either a liquid or a gas, and, in one 
embodiment, is delivered at a rate to completely occlude the aorta between systolic 
contractions of the heart, usually in less than about 0.5 second. 
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The method may further include paralyzing the patient's myocardium while the 
occluding means is expanded in the ascending aorta. Usually, this will be 
accomplished by infusing cardioplegic fluid through an inner lumen in the shaft of the 
partitioning device into the ascending aorta upstream of the occluding member. The 

5 cardioplegic fluid perfuses the myocardium through the coronary arteries to arrest heart 
contractions. In this embodiment, the method further includes the steps of withdrawing 
blood from a venous location upstream of the patient's heart, oxygenating the 
withdrawn blood, and directing the oxygenated blood to an arterial location 
downstream of the occluding member, thereby maintaining circulation of oxygenated 

10 blood throughout the remainder of the patient's arterial system. 

With the partitioning device in position, the heart and coronary arteries isolated 
from the remainder of the arterial system, and the heart stopped, various diagnostic and 
interventional procedures may be performed. For example, instruments may be 
introduced for repairing or replacing the aortic or mitral valve. In this embodiment, the 

15 method will include the step of aligning the distal end of the shaft with the center of the 
aortic valve to facilitate introduction of instruments through the inner lumen of the shaft 
into the ascending aorta and between the valve leaflets into the left ventricle of the heart 

Thus, using the system and method of the invention, a patient's heart can be 
arrested and the patient placed on cardiopulmonary bypass without a thoracotomy, 

20 thereby reducing mortality and morbidity, decreasing patient suffering, reducing 

hospitalization and recovery time, and lowering medical costs relative to previous open- 
chest procedures. The endovascular partitioning device of the invention permits blood 
flow through the ascending aorta to be completely blocked between the coronary ostia 
and the brachiocephalic artery in order to isolate the heart and coronary arteries from the 

25 remainder of the arterial system. This has significant advantages over the aortic cross- 
clamps used in current cardiac procedures, not only obviating the need for a 
thoracotomy, but providing the ability to stop blood flow through the aorta even when 
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calcification or other complications would make the use of an external cross-clamp 
undesirable. 

With the endovascular partitioning device in place, the heart arrested and 
cardiopulmonary bypass established, the patient is prepared for a variety of surgical and 
diagnostic procedures, including repair or replacement of aortic, mitral and other heart 
valves, repair of septal defects, pulmonary thrombectomy, coronary artery bypass 
grafting, angioplasty, atherectomy, electrophysiological mapping and ablation, 
treatment of aneurysms, as well as neurovascular and neurosurgical procedures. While 
such procedures may be performed through a thoracotomy in the conventional manner, 
the invention provides the capability for performing procedures such as heart valve 
replacement or coronary artery bypass grafting using minimally-invasive techniques, 
either by means of surgical tools introduced endovascularly through the partitioning 
device itself, or by means of thoracoscope tools introduced through small incisions in 
the chest wall. 

A further understanding of the nature and advantages of the invention may be 
realized by reference to the remaining portions of the specification and the drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 is a side elevational view of an endovascular device for partitioning the 
ascending aorta between the coronary ostia and brachiocephalic artery constructed in 
accordance with the principles of the present invention. 

Figure 1A is an end view of a distal portion of the device of Figure 1 illustrating 
the skew of the shaped distal portion. 

Figures IB and 1C are side elevational views showing alternative embodiments 
of the shaped distal portion of the device of Figure 1 . 

Figure 2 A is a perspective view of a distal portion of the device of Figure 1 in a 
first embodiment thereof. 
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Figure 2B is a perspective view of a distal portion of the device of Figure 1 in a 
second embodiment thereof. 

Figures 3 and 4 are transverse cross-sections taken along lines 3-3 and 4-4 in 

Figures 2A and 2B, respectively. 
5 Figures 5A and 5B are transverse cross-sections taken along line 5-5 in Figure 

2A, showing alternative embodiments of the shaft of the device illustrated therein. 
Figure 6 is a transverse cross section taken along line 6-6 in Figure 2B. 
Figure 7 is a front view of a portion of a patient's arterial system illustrating the 
introduction and advancement of the device of Figure 1 in the femoral artery, iliac artery 
10 and aorta. 

Figure 8 schematically illustrates a system for arresting the heart constructed in 
accordance with the principles of the present invention, wherein the device of Figure 1 
is positioned in the ascending aorta with cardioplegic fluid delivery means connected to 
the proximal end and a cardiopulmonary bypass system connected to the patient. 
1 5 Figure 9 illustrates the distal portion of the device of Figure 1 positioned in the 

ascending aorta with the occluding means expanded and a tissue cutting device 
extended from the distal end. 

Figures 10A-10B are side and transverse cross-sections, respectively, of an 
alternative embodiment of an endovascular partitioning device constructed in 
20 accordance with the principles of the present invention. 

Figures 1 1 A-l IB are side elevational and transverse cross-sectional views, 
respectively, of a further alternative embodiment of an endovascular partitioning device 
constructed in accordance with the principles of the present invention. 

Figure 12A is a side elevational view of still another embodiment of an 
25 endovascular partitioning device constructed in accordance with the principles of the 
invention. 

Figure 12B is a transverse cross section taken along the line 12B-12B in Figure 
12 A, showing a shaping element positioned in an inner lumen in the shaft. 



WO 95/08364 



2171097 

15 



PCT/US94/09938 



DETAILED DESCRIPTION OF SPECIFIC EMBODIMENTS 

5 The invention provides an endovascular device for partitioning the ascending 

aorta, as well as a system for selectively arresting the heart, which are useful in 
performing a variety of cardiovascular, pulmonary, neurosurgical, and other 
procedures. The invention is especially useful in conjunction with minimally-invasive 
cardiac procedures such as those described in U.S. patent application Serial No. 

10 07/991,188, U.S. patent application Serial No. 07/730,559, and U.S. patent 

application Serial No. 08/023,778, which are assigned to the assignee of the present 
invention and have been incorporated herein by reference. Procedures with which the 
invention may find use include repair or replacement of aortic, mitral, and other heart 
valves, repair of septal defects, pulmonary thrombectomy, electrophysiological 

15 mapping and ablation, coronary artery bypass grafting, angioplasty, atherectomy, 

treatment of aneurysms, as well as neurovascular and neurosurgical procedures. The 
invention is particularly advantageous in that it allows the heart to be arrested and the 
patient to be placed on cardiopulmonary bypass using only endovascular devices, 
obviating the need for a thoracotomy or other large incision. Moreover, even in 

20 conventional open-chest procedures, the endovascular aortic partitioning device of the 
invention will frequently find use where an external cross-clamp would raise substantial 
risks of embolus release due to calcification or other aortic conditions. 

Turning now to the figures, a first preferred embodiment of an endovascular 
device for partitioning the ascending aorta according to the invention will be described. 

25 As illustrated in Figure 1, partitioning device 20 includes a shaft 22 having a distal end 
24 and a proximal end 26. An expandable means 28 for occluding the ascending aorta 
is mounted to shaft 22 near distal end 24. In a preferred embodiment, occluding means 
28 comprises a polymeric balloon 30 (shown inflated) of a material, geometry, and 
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dimensions suitable for completely occluding the ascending aorta to block systolic and 
diastolic blood flow, as described more fully below. 

Shaft 22 has a diameter suitable for introduction through a femoral or iliac 
artery, usually less than about 9 mm. The length of shaft 22 is preferably greater than 
5 about 80 cm, usually about 90-100 cm, so as to position balloon 30 in the ascending 
aorta between the coronary ostia and the brachiocephalic artery with proximal end 26 
disposed outside of the body, preferably from the femoral or iliac artery in the groin 
area. Alternatively, the shaft may be configured for introduction through the carotid 
artery, through the brachial artery, or through a penetration in the aorta itself, wherein 

10 the shaft may have a length in the range of 20 to 60 cm. 

Partitioning device 20 further includes a first inner lumen 29, shown in Figures 
2A-2B, extending between proximal end 26 and distal end 24 with an opening 31 at 
distal end 24. Additional openings in communication with inner lumen 29 may be 
provided on a lateral side of shaft 22 near distal end 24. 

15 Shaft 22 has a shaped distal portion 32 configured to conform generally to the 

curvature of the aortic arch such that opening 3 1 at distal end 24 is spaced apart from 
the interior wall of the aorta and is axially aligned with the center of the aortic valve. 
Usually, shaped distal portion 32 will be generally U-shaped, such that a distal segment 
34 is disposed at an angle between 135° and 225°, and preferably at approximately 180° 

20 relative to an axial direction defined by the generally straight proximal segment 36 of 
shaft 22. Shaped distal portion 32 will usually have a radius of curvature in the range 
of 20-80 mm (measured at the radial center of shaft 22), depending upon the size of the 
aorta in which the device is used. The configuration of shaped distal portion 32 allows 
distal segment 34 to be positioned centrally within the lumen of the ascending aorta and 

25 distal end 24 to be axially aligned with the center of the aortic valve, thereby facilitating 
infusion or aspiration of fluids as well as introduction of surgical tools through opening 
31 without interference with the wall of the aorta, as described more folly below. 
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In an exemplary embodiment, shaped distal portion 32 is preshaped so as to 
maintain a permanent, generally U-shaped configuration in an unstressed condition. 
Such a preshaped configuration may be formed by positioning a mandrel having the 
desired shape in first inner lumen 29, then baking or otherwise heating shaft 22 and the 
mandrel for a sufficient time and sufficient temperature to create a permanent set 
therein, e.g., 1-3 hours at a temperature in a range of 120°C to 180°C, depending upon 
the material used for shaft 22. 

Alternative embodiments of shaped distal portion 32 are illustrated in Figures 
IB and 1C. In the embodiment of Figure IB, U-shaped distal portion 32, rather than 
having a continuous, constant curvature, is preshaped in a more angular fashion, with 
bends 33 of relatively small curvature separating segments 35 which are either straight 
or of larger curvature. Bends 33 and/or segments 35 may further be configured to 
engage the inner wall of the aorta along the aortic arch to deflect distal end 24 into a 
desired position in the ascending aorta. Such engagement with the aortic wall also 
prevents downstream migration of balloon 30 within the aorta, which poses the risk of 
occluding the ostia of the brachiocephalic, left common carotid, or left subclavian 
arteries. 

In the embodiment of Figure 1C, shaped distal portion 32 is configured in a 
general "S" shape for introduction into the ascending aorta from a location superior to 
the aortic arch. In this way, distal segment 34 may be positioned within the ascending 
aorta, with proximal segment 36 extending from the aortic arch through the 
brachiocephalic artery to the carotid or brachial artery, or through a penetration in the 
aorta itself, to a point outside of the thoracic cavity. 

As shown in Figure 1 A, distal segment 34 may be skewed (non-coplanar) 
relative to a central longitudinal axis of proximal segment 36, in order to further 
conform to the shape of the patient's aortic arch and align with the center of the aortic 
valve. In an exemplary embodiment, distal segment 34 is disposed at an angle a 
relative to a plane containing the central axis of proximal portion 36, wherein a is 
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between 2° and 30°, usually between 10° and 20°, and preferably about 15°. The shape 
and dimensions of shaped distal portion 32 and angle a of distal segment 34 may vary, 
however, according to the configuration of the aortic arch in any individual patient 

In a preferred embodiment, the device will include a soft tip 38 attached to distal 

5 end 24 to reduce the risk of damaging cardiac tissue, particularly the leaflets of the 
aortic valve, in the event the device contacts such tissue. Soft tip 38 may be straight or 
tapered in the distal direction, with an axial passage aligned with opening 31 at the 
distal end of shaft 22. Preferably, soft tip 38 will be a low durometer polymer such as 
polyurethane or Pebax, with a durometer in the range of 65 Shore A to 35 Shore D. 

10 At least one radiopaque stripe or marker 39 is preferably provided on shaft 22 

near distal end 24 to facilitate fluoroscopic visualization for positioning balloon 30 in 
the ascending aorta. Radiopaque marker 39 may comprise a band of platinum or other 
radiopaque material. Alternatively, a filler of barium or bismuth salt may be added to 
the polymer used for shaft 22 or soft tip 38 to provide radiopacity. 

15 As illustrated in Figures 1 , 2A and 2B, a straightening element 40 is disposed in 

first inner lumen 29 of shaft 22 so as to slide longitudinally relative to the shaft. 
Straightening element 40 may comprise a tubular stylet with a longitudinal passage 44 
for receiving a guidewire 42 , as described below. Alternatively, element 40 may 
comprise a relatively stiff portion of the guidewire itself. Straightening element 40 may 

20 be a polymeric material or a biocompatible metal such as stainless steel or nickel 
titanium alloy with a bending stiffness greater than that of shaft 22. In this way, 
straightening element 40 may be advanced distally into preshaped distal portion 32 so 
as to straighten shaft 22, facilitating subcutaneous introduction of partitioning device 20 
into an artery and advancement to the aortic arch. Straightening element 40 may then be 

25 retracted proximally relative to the shaft so that distal end 24 can be positioned in the 
ascending aorta with preshaped distal portion 32 conforming to the shape of the aortic 
arch. 
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A movable guidewire 42 is slidably disposed through first inner lumen 29, 
either through longitudinal passage 44 in straightening element 40 (Figure 2B), external 
and parallel to straightening element 40, or through a separate lumen (not shown) in 
shaft 22. Guidewire 42 extends through opening 3 1 in distal end 24 of shaft 22 and 
may be advanced into an artery distal to shaft 22, facilitating advancement of shaft 22 
through the artery to the ascending aorta by sliding the shaft over the guidewire. In an 
exemplary embodiment, guidewire 42 is relatively stiff so as to at least partially 
straighten shaft 22, so that straightening element 40 is unnecessary for introduction of 
shaft 22. In this embodiment, guidewire 42 may be, for example, stainless steel or a 
nickel titanium alloy with a diameter of about 1 .0 mm to 1.6 mm. 

Shaft 22 may have any of a variety of configurations depending upon the 
particular procedure to be performed. In one embodiment, shaft 22 has a multi-lumen 
configuration with three non-coaxial parallel lumens in a single extrusion, as illustrated 
in Figures 2A, 3 and 5A. The three lumens include first inner lumen 29, which 
receives straightening element 40 and guidewire 42 and includes opening 31 at its distal 
end, an inflation lumen 46 which opens at an inflation orifice 47 near the distal end of 
shaft 22 in communication with the interior of balloon 30, and a third lumen 48 which 
has an opening (not shown) at distal end 24 of the shaft to sense pressure in the 
ascending aorta. In this embodiment, the largest transverse dimension of first inner 
lumen 29 is preferably about lmm-4mm. Advantageously, the distal opening in third 
lumen 48 is radially offset from opening 31 in first inner lumen 29, so that infusion or 
aspiration of fluid through first inner lumen 29 will not affect pressure measurements 
taken through third lumen 48. 

In a second embodiment, illustrated in Figure 5B, shaft 22 has a dual lumen 
inner member 50 and a coaxial outer member 52. Inner member 50 includes first inner 
lumen 29 which receives straightening element 40 and opens at distal opening 31, and a 
third lumen 54 which has an opening (not shown) at its distal end for measuring 
pressure in the ascending aorta. Outer member 52 defines a coaxial inflation lumen 56 
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which, at its distal end, is in communication with the interior of balloon 30. Balloon 30 
and outer member 52 may comprise a single integrated extrusion, or balloon 30 may be 
bonded or otherwise attached to outer member 52 near the distal end of shaft 22 using 
well-known techniques. Outer member 52 may have an open distal end which 
5 communicates with the interior of baUao#30. Alternatively, the distal end of outer 
member 52 may be closed, for example,* by bonding to the exterior of inner member 
50, with an inflation orifice 47 provided as shown in Fig. 2A for communication 
between lumen 56 and the interior of the balloon. 

In a third embodiment, illustrated in Figures 2B, 4 and 6, shaft 22 has a first 

10 inner lumen 29 of large diameter configured to receive various types of surgical 
instruments, as well as to receive straightening element 40. An inflation lumen 58 
extends parallel to first inner lumen 29 and is in communication with the interior of 
balloon 30 through an inflation orifice 61, shown in Figure 2B. In this embodiment, 
shaft 22 may comprise a single extrusion containing inflation lumen 58 and inner lumen 

15 29, or two individual tubes bonded to one another, one tube containing lumen 29 and 
the other containing inflation lumen 58. With this construction, shaft profile can be 
minimized while making lumen 29 as large as possible within the confines of the 
vessels in which the device is positioned. In this embodiment, first inner lumen 29 will 
have a diameter of at least about 5 mm and preferably about 8 mm. Partitioning device 

20 20 thereby provides a passage of maximum diameter for endovascular introduction of 
surgical instruments such as visualization scopes, aspirators, irrigation tubes, cutting, 
stapling and suturing devices, and the like, as described in co-pending application 
Serial No. 07/991,188, which has been incorporated herein by reference. 

It should be noted that where partitioning device 20 is to be utilized for 

25 antegrade delivery of cardioplegic fluid through first inner lumen 29, it will be 

configured to provide a sufficient flowrate of such fluid to maintain paralysis of the 
heart, while avoiding undue hemolysis in the blood component (if any) of the fluid. In 
a presently preferred embodiment, cold blood cardioplegia is the preferred technique for 
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arresting the heart, wherein a cooled mixture of blood and a crystalloid KCl/saline 
solution is introduced into the coronary arteries to perfuse and paralyze the 
myocardium. The cardioplegic fluid mixture is preferably run through tubing immersed 
in an ice bath so as to cool the fluid to a temperature of about 3°C - 10°C prior to 
delivery through inner lumen 29. The cardioplegic fluid is delivered through inner 
lumen 29 at a sufficient flowrate and pressure to maintain a pressure in the aortic root 
(as measured through third lumen 48) high enough to induce flow through the coronary 
arteries to perfuse the myocardium. Usually, a pressure of about 50-100 mmHg, 
preferably 60-70 mmHg, is maintained in the aortic root during infusion of cardioplegic 
fluid, although this may vary somewhat depending on patient anatomy, physiological 
changes such as coronary dilation, and other factors. At the same time, in pumping the 
cardioplegic fluid through inner lumen 29, it should not be subject to pump pressures 
greater than about 300 mmHg, so as to avoid hemolysis in the blood component of the 
fluid mixture. In an exemplary embodiment, first inner lumen 29 is configured to 
facilitate delivery of the cardioplegic fluid at a rate of about 250-350 ml/min. preferably 
about 300 ml/min., under a pressure of no more than about 300 ml/min, enabling the 
delivery of about 500-1000 ml of fluid in 1-3 minutes. To provide the desired flowrate 
at this pressure, inner lumen 29 usually has a cross-sectional area of at least about 4.5 
mm2 and preferably about 5.6-5.9 mm2 In an exemplary embodiment, D-shaped 
lumen 29 in Fig. 5A has a straight wall about 3.3 mm in width, and a round wall with a 
radius of about 1.65 mm. A completely circular lumen 29 (not pictured), could have an 
inner diameter of about 2.7 mm. Inner lumen 29 could be significantly smaller, 
however, if the cardioplegic fluid did not have a blood component so that it could be 
delivered under higher pressures without risk of hemolysis. Because of its myocardial 
protective aspects, however, the forementioned blood/KCl mixture is presently 
preferred, requiring a somewhat larger lumen size than would be required for a 
crystalloid KC1 cardioplegic fluid without blood. 
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In some embodiments, as shown in Figures 2B, 4 and 6, a wire braid or coil 60 
may be embedded in the wall of shaft 22 to enhance radial rigidity and to maintain the 
transverse dimensions of first inner lumen 29. It is particularly important to maintain 
the roundness of first inner lumen 29 where surgical tools are to be introduced through 

5 the first inner lumen. If shaft 22 is made of sufficient diameter to accommodate such 
tools through lumen 29, the shaft may tend to flatten or kink when advanced into the 
curved region of the aortic arch. The use of wire braid or coil 60 to maintain lumen 
roundness allows tool profile to be maximized and allows tools to be advanced through 
the lumen with minimum interference. Wire braid or coil 60 may be formed of stainless 

10 steel or other biocompatible material such as nickel titanium alloy, aramid fibers such as 

Kevlar™ (DuPont), or nylon. 

Shaft 22 may be constructed of any of a variety of materials, including 
biocompatible polymers such as polyurethane, polyvinyl chloride, polyether block 
amide, or polyethylene. In a preferred embodiment of the device shown in Figure 2A, 
15 shaft 22 is urethane with a shore durometer in the range of 50D-80D. In the 

embodiment of Figure 2B, wherein shaft 22 may have a significantly larger diameter as 
well as an embedded coil which both increase stiffness, a polyurethane with shore 
durometer of 60A-100A may be used. Shaft 22 may have a bending modulus in the 
range of 70 to 100 kpsi, preferably about 80-90 kpsi. A bending modulus in this range 
20 provides sufficient stiffness to optimize pushability from a femoral or iliac artery to the 
ascending aorta, while providing sufficient flexibility to navigate the tortuous iliac 
artery and the aortic arch. Once partitioning device 20 has been positioned with distal 
end 24 in the ascending aorta, this bending modulus also facilitates exertion of a 
distally-directed force on shaft 22 from proximal end 26 to maintain the position of 
25 balloon 30 against the outflow of blood from the left ventricle as the balloon is inflated. 
In other embodiments, the dimensions, geometry and/or materials of shaft 22, as well 
as coil 60, may be varied over the length of the shaft so that the shaft exhibits variable 
bending stiffness in various regions. For example, preshaped distal portion 32 may be 
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more flexible for tracking through the aortic arch, whereas proximal portion 36 may be 
stiffer for pushability and resistance to displacement 

Balloon 30 may be constructed of various materials and in various geometries. 
In a preferred embodiment, balloon 30 has a collapsed profile small enough for 
introduction into the femoral or iliac artery, e.g. 4-9 mm outside diameter, and an 
expanded (inflated) profile large enough to completely occlude the ascending aorta, e.g. 
20-40 mm outside diameter. The ratio of expanded profile diameter to collapsed profile 
diameter will thus be between 2 and 10, and preferably between 5 and 10. The balloon 
is further configured to maximize contact of the working surface of the balloon with the 
aortic wall to resist displacement and to minimize leakage around the balloon, 
preferably having a working surface with an axial length in the range of about 3 to 
about 7 cm when the balloon is expanded. Textural features such as ribs, ridges or 
bumps may also be provided on the balloon working surface for increased frictional 
effects to further resist displacement 

Balloon 30 preferably has some degree of radial expansion or elongation so that 
a single balloon size may be used for aortas of various diameters. Materials which may 
be used for balloon 30 include polyurethanes, polyethylene terepthalate (PET), 
polyvinyl chloride (PVC), latex, ethylene vinyl acetate (EVA) and the like. However, 
balloon 30 must have sufficient structural integrity when inflated to maintain its general 
shape and position relative to shaft 22 under the systolic pressure of blood flow 
through the ascending aorta. In an exemplary embodiment, balloon 30 is constructed 
of polyurethane or a blend of polyurethane and polyvinyl such as PVC or EVA. It has 
been found that such materials have sufficient elastic elongation to accommodate a 
range of vessel diameters, while having sufficient structural integrity to maintain their 
shape and position in the ascending aorta when subject to outflow of blood from the left 
ventricle. 

In a preferred embodiment, balloon 30 is further provided with a plurality of 
folds or pleats 62, shown in Figures 3 and 4, which allow the balloon to be collapsed 
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by evacuation to a small collapsed profile for introduction into a femoral or iliac artery. 
In this embodiment, balloon 30 has a blow-up ratio, defined as the ratio of the fully- 
inflated outside diameter to the deflated outside diameter (before collapsing), of about 
200%-400%, preferably 300%-400%. Pleats 62 are preferably at least three in number 
5 and each have a width representing approximately 5-25% of the circumference of the 
balloon when deflated (but not collapsed by subjecting the interior of the balloon to a 
vacuum). Pleats 62 may be formed into the balloon during the balloon-making process 
by using a dipping mandrel having longitudinal flutes formed in its periphery. The 
mandrel is dipped into a container of liquefied balloon material (e.g. polyurethane) so 

10 that a tubular layer of material solidifies onto the mandrel, conforming to the shape of 
the flutes. The mandrel is then removed, producing a pleated balloon of substantially 
constant thickness. Where a folded, rather than pleated, balloon is used, the folds may 
be formed after the balloon is made by vacuum collapsing the balloon onto a mandrel 
into the desired collapsed profile and heating the balloon, or by expanding the balloon 

15 under pressure and heat in a corrugated mold. 

In alternative embodiments, occluding means 28 may comprise any of a variety 
of structures, including pivoting disk, umbrella or fan-type occlusion mechanisms 
actuated by pull wire, push rod, torque cable, or other type of mechanical, hydraulic, 
electric, or shape-memory actuator. 

20 Referring again to Figure 1 , a triple-arm adapter 64 is attached to the proximal 

end 26 of shaft 22. Triple-arm adapter 64 includes a working port 66 in 
communication with first inner lumen 29 through which straightening element 40, 
guidewire 42, and in some embodiments, surgical or diagnostic instruments may be 
introduced, as described below. Working port 66 may also be adapted for infusion of 

25 fluid such as cardioplegic fluid, saline or contrast solution, as well as for aspiration of 
blood, fluids and debris through first inner lumen 29. Triple-arm adapter 64 further 
includes an inflation port 68 in communication with the inflation lumen and configured 
for connection to an inflation fluid delivery device such as a syringe 70. A pressure 
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measurement port 72 is in communication with the third lumen (48 or 54) and is 
adapted for connection to a pressure measurement device. Alternatively, where shaft 
22 includes only first inner lumen 29 and inflation lumen 58 as in Figures 2B, 4 and 6, 
port 72 may be in communication with first inner lumen 29 and configured for pressure 
measurement, fluid infusion or aspiration. 

Referring now to Figures 7-9, a preferred embodiment of the method of the 
invention will be described. Initially, a partitioning device 20 of a size and 
configuration suitable for the particular patient must be selected Usually, the patient's 
aorta will be observed by means of a fluoroscopic imaging to determine its size and 
shape, particularly in the region of the aortic arch. A partitioning device 20 will be 
selected having a length sufficient to allow occluding means 28 to be advanced into the 
ascending aorta from the point of introduction, which will preferably be a femoral or 
iliac artery in the groin area. Further, a partitioning device will be selected which has a 
preshaped distal portion 32 with dimensions and shape suitable for positioning the 
distal portion in the patient's aortic arch such that distal end 24 is spaced apart from the 
inner wall of the ascending aorta, preferably aligned with the center of the aortic arch. 
Usually, the preshaped distal portion will have a radius of curvature approximately 
equal to that of the aortic arch as measured to the center of the aorta, preferably within a 
tolerance of about +/- 10 mm. 

Referring to Figure 7, partitioning device 20 is preferably subcutaneously 
inserted into a femoral or iliac artery 74 in the groin area using known techniques such 
as a cut-down or a percutaneous technique such as the Seldinger technique. Guidewire 
42 is first introduced into femoral artery .74 and advanced toward the heart through iliac 
artery 76 and aorta 78 so that the distal end of guidewire 42 is in the ascending aorta 
(not shown in Figure 7). Straightening element 40 is inserted into lumen 29 of shaft 22 
and positioned in preshaped distal portion 32 so as to straighten the preshaped distal 
portion. With balloon 30 deflated, shaft 22 is positioned over guidewire 42, introduced 
into femoral artery 74 and advanced over guidewire 42 through iliac artery 76 and aorta 
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78. A fluoroscope may be used for visualization of radiopaque markers 39 on shaft 22 
to facilitate positioning. As an alternative or supplement to fluoroscopic imaging, 
ultrasonic echocardiography may be used by f for example, positioning an 
echocardiographic transducer in the esophagus. 

5 As an alternative to femoral or iliac introduction, shaft 22 may be introduced 

into carotid artery 87 or brachial artery 89. In such cases, distal portion 32 of shaft 22 
will usually have a generally S-shaped configuration, as described above with reference 
to Figure 1C. Such an S-shaped configuration facilitates positioning balloon 30 in the 
ascending aorta with shaft 22 extending superiorly from the aortic arch through 

10 brachiocephalic artery 86. 

As illustrated in Figures 8 and 9, shaft 22 is advanced through aortic arch 80 
until balloon 30 resides in ascending aorta 82 between coronary ostia 84 and 
brachiocephalic artery 86. As distal end 24 is advanced around the aortic arch, 
straightening element 40 is drawn proximally relative to shaft 22 so as to allow 

15 preshaped distal portion 32 to conform to the shape of the arch. In an alternative 

embodiment, a relatively stiff guidewire may be used without a separate straightening 
element, in which case the guidewire may remain in place as shaft 22 is advanced into 
the asending aorta. Straightening element 40 and guidewire 42 may then be removed 
from shaft 22. 

20 In an alternative technique, partitioning device 20 may be introduced into the 

aorta thoracoscopically. In this embodiment, distal end 24 of shaft 22 may be 
introduced through a small incision or cannula into the chest cavity. A small 
penetration is made in the aorta, either in the descending region or in the aortic arch. 
Shaft 22 is then inserted into the aorta using forceps or other thoracoscope instruments 

25 introduced into the chest cavity through small incisions or cannulae. Such a technique 
may be useful where a patient's femoral or iliac arteries are unsuitable for introducing 
partitioning device 20 percutaneously or by cut down into those vessels. 
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As illustrated in Figure 8, once shaft 22 has been positioned so that balloon 30 
is in ascending aorta 82 between coronary ostia 84 and brachiocephalic artery 86, 
balloon 30 is expanded by injecting an inflation fluid, usually a saline solution with a 
radiographic contrast agent, from syringe 70 through inflation port 68. In an 
exemplary embodiment, the balloon will be fully inflated in approximately 5-15 
seconds, depending upon the size of the inflation lumen and the viscosity of the 
inflation fluid used. In some embodiments, blood may be allowed to flow through 
inner lumen 29 and directed to cardiopulmonary bypass system 94 (described below), 
thereby reducing the pressure of blood flow against balloon 30 during inflation. When 
fully inflated, the exterior surface of balloon 30 contacts the inner walls of the 
ascending aorta so as to fully occlude the vessel and block substantially all systolic and 
diastolic blood flow past the balloon. While the heart remains beating, blood may flow 
from the left ventricle through the aortic valve and into the coronary ostia so as to 
perfuse the myocardium through the coronary arteries. The heart and coronary arteries 
are thus isolated from the remainder of the arterial system. 

In an alternative embodiment, a gaseous inflation fluid may be used in order to 
increase inflation speed. In this way, balloon 30 can be fully inflated in less time than 
the period between systolic pulses, reducing the likelihood that the outflow of blood 
from the left ventricle during systole will displace balloon 30 from its position in the 
ascending aorta. Preferably, carbon dioxide is used as the inflation fluid, since carbon 
dioxide, being highly soluble in blood, is unlikely to produce potentially injurious gas 
emboli in the event of leakage from the balloon. Alternatively, helium may be used. A 
gas inflation pump and control device similar to those described in U.S. Patent No. 
4,771,765 and U.S. Patent No. 4,902,272, which are hereby incorporated herein by 
reference, may be utilized for delivery of pressurized gas through inflation port 68. 
The inflation pump may be timed with the contractions of the heart to facilitate inflation 
of the balloon between systolic pulses. Using such a pump, balloon 30 may be fully 
inflated in less than about 1 second, and preferably less than about 0.5 second. 
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Figure 8 illustrates the components of a system for arresting the heart 
constructed in accordance with the principles of the invention. A cardioplegic fluid 
delivery device 90 is connected to working port 66. A pressure measurement device 92 
may be connected to port 72 to monitor pressure in the ascending aorta upstream of 
5 balloon 30 through a lumen in shaft 22. The patient is placed on a cardiopulmonary 
bypass (CPB) system 94 to maintain circulation of oxygenated blood throughout the 
body. Usually, a venous cannula 96 is positioned in a femoral vein for withdrawing 
de-oxygenated blood. In addition, a pulmonary arteiy venting catheter (not shown) 
may be positioned through the right internal jugular vein into the pulmonary trunk to 
10 withdraw the blood contained therein, thereby decompressing the left atrium. The 
withdrawn blood is delivered to CPB system 94 which removes carbon dioxide and 
oxygenates the blood. The oxygenated blood is then delivered to a femoral or iliac 
artery via an arterial cannula 98. A blood filter and recovery system 100 may also be 
connected to port 66 in partitioning device 20 to receive blood and other fluids and 
15 debris from first inner lumen 29, filter the blood to remove impurities, and deliver the 
blood to CPB system 94 for return to the patient's circulatory system. A valve 91 may 
be provided to select between cardioplegic fluid delivery or venting of fluids through 
working port 66. Further aspects of a CPB system suitable for use in the system of the 
invention are described in co-pending application Serial No. 07/991,188, which has 
20 previously been incoiporated herein by reference, as well as in F. Rossi et al., Long- 
Term Cardiopulmonary Bypass By Peripheral Cannulation In A Model of Total Heart 
Failure, Journal of Thoracic and Cardiovascular Surgery (1990), 100:914-921, which 
is incorporated herein by reference. 

With CPB established and balloon 30 blocking blood flow through the 
25 ascending aorta, the myocardium may then be paralyzed. In a preferred embodiment, a 
fluid containing cardioplegic agents is delivered by delivery device 90 through working 
port 66. The cardioplegic fluid preferably consists of an aqueous KC1 solution mixed 
with oxygenated blood at a ratio of four parts blood to one part KC1 solution. The 
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aqueous KC1 solution consists of crystalloid KC1 mixed with saline to have a 
concentration in the range of 10-50 mEq K + /liter, preferably 15-30 mEq K+/liter. 
Delivery device 90 includes a cooler such as an ice bath (not shown) which cools the 
cardioplegic fluid to e.g. 3°C-10°C, so as to maintain the heart at a low temperature and 
5 to minimize demand for oxygen. This is usually accomplished without applying 
external cooling to the heart as is generally applied in conventional open cardiac 
procedures. The cardioplegic fluid is infused into the ascending aorta through opening 
31 at the distal end of partitioning device 20 to maintain a pressure in the aortic root 
distal to balloon 30 sufficient to induce flow of fluid into the coronary arteries through 

10 coronary ostia 84. A pressure of about 60-80 mmHg as measured through third lumen 
48 is usually sufficient. Cardioplegic fluid is preferably delivered at a flowrate of about 
250-350 ml/min. so as to deliver a total volume of 750-1000 ml in about 2-4 minutes, 
although this may vary depending upon patient anatomy, physiological changes such as 
coronary dilation, and other factors. In pumping the cardioplegic fluid through inner 

15 lumen 29, the fluid should be subject to a pump pressure of no more than about 300 
mmHg to minimize damage to the blood component of the mixture. Cardioplegic fluid 
may also be infused in a retrograde manner through the coronary sinus, by means of a 
catheter (not shown) positioned transluminal^ through the right internal jugular vein, 
as described above. Heart contractions will then cease, with circulation to the 

20 remainder of the patient's body maintained by CPB system 94. Cardioplegic fluid flow 
to the patient's myocardium is maintained on a periodic basis, e.g., about every 10—20 
minutes for 2-4 minutes, so long as the myocardium is to remain paralyzed. A 
comprehensive description of cardioplegic techniques suitable for use in the method of 
the invention is found in Buckberg, Strategies and logic of cardioplegic delivery to 

25 prevent, avoid, and reverse ischemic and reperfusion damage* J. Thorac. Cardiovasc. 
Surg. 1987;93:127-39. 

In addition to or instead of infusion of the blood/crystalloid cardioplegic 
solution, other techniques may be used to arrest heart contractions. A more 
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concentrated crystalloid KC1 solution not mixed with blood may be delivered through 
inner lumen 29 at higher pressures than with a blood cardioplegic fluid mixture, since 
without blood in the solution, there is no risk of hemolysis. This allows inner lumen 
29 (as well as catheter shaft 22) to be of smaller cross-sectional area while still 

5 providing the necessary flowrate of fluid into the aortic root. However, the above 
blood cardioplegia technique is presently preferred because it is generally believed to 
provide greater myocardial protection. In another alternative technique, the patient's 
body may be cooled in a cold-temperature environment or by application of cold-packs 
to the chest to reduce the temperature of the myocardium sufficiently to induce 

10 fibrillation. The myocardium may be cooled directly by infusion of cold fluid such as 
cold blood or saline through the coronary arteries. Alternatively, electrical fibrillation 
may be accomplished by delivering electrical signals to the myocardium by means of 
electrodes placed on the exterior surface of the heart or externally on the chest 
However, cardiac arrest by means of fibrillation is generally less desirable than 

15 chemical cardioplegic paralysis because there remains some degree of heart motion 
which could make surgical intervention more difficult and because there is a 
significantly higher demand for oxygen, reducing the safety and duration of the 
procedure. 

Once the heart has been arrested and CPB established, a surgical procedure may 
20 be performed. The procedure will preferably be a less-invasive procedure performed 
endovascularly or thoracoscopically, as described in co-pending application Serial Nos. 
07/991,188 and 08/023,778, which have been incorporated herein by reference. 
Surgical procedures which may be performed using the device and system of the 
invention include repair or replacement of the aortic, mitral and other heart valves, 
25 repair of ventricular and atrial septal defects, septal myotomy, cardiac mapping and 
ablation to correct arrhythmias, coronary artery bypass grafting, angioplasty, 
atherectomy, as well as pulmonary, neurosurgical, and other procedures. 
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Partitioning device 20 of the present invention is particularly advantageous for 
endovascular introduction of surgical instruments through the aorta for procedures such 
as heart valve repair and replacement. As illustrated in Figure 9, preshaped distal 
portion 32 of shaft 22 conforms to the shape of aortic arch 80 so that opening 31 at the 
distal end is positioned centrally within the ascending aorta and axially aligned with the 
center of aortic valve 104. This not only enhances infusion of cardioplegic fluid 
through opening 31, but ensures that surgical instruments such as valve cutter 106 
introduced through first inner lumen 29 will be aligned with aortic valve 104, either to 
remove the valve, or to pass through it for intracardiac procedures. Advantageously, 
soft tip 38 at the distal end of shaft 22 prevents damage to tissue, particularly the fragile 
aortic valve leaflets, in the event of contact therewith. 

While being particularly useful in conjunction with minimally-invasive cardiac 
procedures performed endovascularly and/or thoracoscopically, the partitioning device 
and system for arresting the heart disclosed herein are also useful in conventional open 
procedures performed with a thoracotomy. Partitioning device 20 may be used where 
an aortic cross-clamp would pose risks of embolus release due to calcification or other 
aortic conditions. In open procedures, partitioning device 20 may be introduced 
through the femoral or iliac arteries as described above, through the carotid artery 87, 
through the brachial artery 89, or through a penetration in the aorta itself, which is 
accessible as a result of the thoracotomy. In such cases, shaft 22 of partitioning device 
20 may be substantially shorter in length, for example, 20 to 60 cm. 

When the procedure has been completed, the heart is restarted by discontinuing 
any flow of cardioplegic fluid through partitioning device 20 or retrogradely through 
the coronaiy sinus, ventilating the lungs, and perfusing the coronary arteries with warm 
blood. The region upstream of balloon 30 may be irrigated by infusing a saline 
solution through first inner lumen 29. Blood and other fluids upstream of balloon 30 
may then be aspirated through first inner lumen 29 to remove thrombi or other emboli 
which may have been produced during the procedure, preventing such emboli from 
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entering the brachiocephalic, carotid, or subclavian arteries and greatly reducing the risk 
of complications such as strokes. Balloon 30 is deflated to allow normal flow of warm 
blood through the ascending aorta to the remainder of the arterial system. Normal heart 
contractions may resume promptly, or, if necessary, electrical defibrillation may be 
5 administered to correct heart rhythm. CPB is gradually discontinued, and CPB venous 
cannula 96 and arterial cannula 98 are removed. Partitioning device 20 is withdrawn 
from the body back through the site of entry, and the arterial penetration is closed. If 
the patient has been put under general anesthesia, the patient is then brought from 
anesthesia to consciousness. 
10 It will be understood by those of skill in the art that various alternative 

configurations of endovascular partitioning device 20 are possible without departing 
from the scope of the present invention. One such alternative embodiment is illustrated 
in Figures 10A-10B. In this embodiment, partitioning device 20 has a pull wire 1 10 
disposed in a lumen 1 12 in shaft 22. Pull wire 1 10 is attached at its distal end to an 
15 anchor plate 1 14 at distal end 24 of shaft 22, preferably offset from the central 

longitudinal axis of shaft 22. In one embodiment, pull wire 1 10 extends through a hole 
in anchor plate 1 14 and is retained against the anchor plate by a ball 1 16 fixed to the 
distal end of pull wire 1 10. In other respects, device 20 is configured as described 
above in connection with Figures 1-9, including a balloon 30 mounted to shaft 22 near 
20 distal end 24, an inflation lumen 1 1 8 in communication with the interior of balloon 30, 
a soft tip 38 attached to distal end 24 of shaft 22, and an inner lumen 29 in 
communication with distal opening 31. Tension may be applied to the proximal end 
(not shown) of pull wire 1 10 to deflect the distal portion 32 of shaft 22 into a shape 
suitable for positioning distal portion 32 in the aortic arch (as shown in phantom in 
25 Figure 10A). In an alternative embodiment, an axially rigid, laterally-deflectable rod 
may be used in place of pull wire 1 10, whereby distal end 24 is deflected by applying a 
compressive force to the rod. 
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In an undeflected configuration (with tension relaxed on pull wire 1 10), distal 
portion 32 of the shaft is generally straight. Alternatively, all or part of distal portion 
32 may be curved in an undeflected configuration to enhance positionability in the aortic 
arch. Preferably, a mechanism (not shown) will be provided at the proximal end of 
shaft 22 for applying tension to pull wire 1 10 and for locking the pull wire to maintain 
distal portion 32 in a desired shape. Various mechanisms may be used, such as those 
described in U.S. Patent No. 5,030,204, the complete disclosure of which is 
incorporated herein by reference. Usually, shaft 22 is introduced into an artery in a 
generally straight configuration, and tension is applied to pull wire 1 10 to deflect distal 
portion 32 as the shaft is advanced into the aortic arch. Once distal portion 32 is 
positioned in the aortic arch, tension on pull wire 1 10 is adjusted so as to position distal 
end 24 radially within the ascending aorta so as to be spaced apart from the inner wall 
of the aorta and axially aligned with the center of the aortic valve. Pull wire 1 10 is then 
locked in tension to maintain distal portion 32 in its deflected configuration. 

A further alternative embodiment of partitioning device 20 is illustrated in 
Figures 1 1 A-l IB. In this embodiment, shaft 22 is positionable in an interior lumen 
120 of a guiding catheter 122. Device 20 may be configured as described above with 
reference to Figures 1-6, including balloon 30 near distal end 24, inner lumen 29, 
inflation lumen 46, pressure lumen 48, soft tip 38 attached to distal end 24, and triple- 
arm adapter 64 attached to proximal end 26. Guiding catheter 122 has a proximal end 
124 and a distal end 126, with axial lumen 120 extending therebetween. A soft tip (not 
shown) may be attached to distal end 126 to minimize injury to the aorta or aortic valve 
in the event of contact therewith. A proximal adapter 128 is attached to proximal end 
124, and has a first port 130 in communication with lumen 120 through which shaft 22 
may be introduced, and a second port 132 in communication with lumen 120 for 
infusing or aspirating fluid. Port 130 may further include a hemostasis valve. Guiding 
catheter 122 also has a distal portion 134 which is either preshaped or deflectable into a 
shape generally conforming to the shape of the aortic arch. Techniques suitable for 
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preshaping or deflecting distal portion 134 of guiding catheter 122 are described above 
in connection with Figures 1-6 and 10A-10B. In an exemplary embodiment, guiding 
catheter 122 is preshaped in a generally Urshaped configuration, with a radius of 
curvature in the range of 20-80 mm. In this embodiment, a stylet (not shown) like that 
5 described above in connection with Figures 1 -6 is provided for straightening distal 
portion 134 for purposes of subcutaneously introducing guiding catheter 122 into an 
artery. 

In use, guiding catheter 122 is introduced into an artery, e.g. a femoral or iliac 
artery, and advanced toward the heart until distal end 126 is in the ascending aorta. A 

10 guidewire (not shown) may be used to enhance tracking. Where a stylet is used to 
straighten a preshaped guiding catheter for subcutaneous introduction, the stylet is 
withdrawn as preshaped distal portion 134 is advanced through the aortic arch. Once 
guiding catheter 122 is in position, shaft 22 may be introduced through port 130 and 
lumen 120 and advanced toward the heart until balloon 30 is disposed between the 

15 coronary ostia and the brachiocephalic artery, distal to the distal end 126 of guiding 
catheter 122. The distal portion 32 of shaft 22 (Figure 1) is shaped to conform to the 
aortic arch by preshaped portion 134 of guiding catheter 122. Balloon 30 is then 
inflated to fully occlude the ascending aorta and block blood flow therethrough. 

In yet another embodiment, shown in Figures 12A-12B, partitioning device 20 

20 includes a shaping element 140 positionable in a lumen in shaft 22, such as third inner 
lumen 48. Shaping element 140 has a proximal end 142, a distal end 144 and a 
preshaped distal portion 146. Preshaped distal portion 146 may be generally U-shaped 
as illustrated, or may have an angular, "S"-shaped or other configuration in an 
unstressed condition, which will shape distal portion 32 to generally conform to at least 

25 a portion of the patient's aortic arch. Shaping element 140 is preferably stainless steel, 
nickel titanium alloy, or other biocompatible material with a bending stiffness greater 
than that of shaft 22 so as to deflect distal portion 32 into the desired shape. Shaping 
element 140 may be a guidewire over which shaft 22 is advanced to the ascending 



WO 95/08364 



2171097 PCTAJS94/09938 

35 



aorta, or a stylet which is inserted into third inner lumen 48 after shaft 22 is positioned 
with balloon 30 in the ascending aorta. In a prefeired embodiment, shaping element 
140 is configured to position distal end 24 of shaft 22 in a radial position within the 
ascending aorta to be spaced apart from the interior wall thereof, and in particular, 
5 axially aligned with the center of the aortic valve. 

The partitioning device, system and method for arresting the heart disclosed 
herein offer significant advantages over current techniques. Primary among these 
advantages is the ability to block blood flow through the ascending aorta and stop heart 
contractions using an endovascular device, without the need for a thoracotomy. By 

10 obviating the need to open the chest for external clamping of the aorta, the invention 
facilitates the performance of a new generation of minimally-invasive cardiac and 
vascular procedures. Elimination of a thoracotomy in such procedures produces lower 
mortality and morbidity, reduced patient suffering, decreased hospitalization and 
recovery time, and reduced medical costs. Moreover, the invention is useful even in 

15 open-chest procedures as a substitute for the aortic cross-clamp where calcification or 
other conditions could make external aortic clamping undesirable. 

While the above is a complete description of the preferred embodiments of the 
invention, various alternatives, modifications and equivalents may be used Therefore, 
the above description should not be taken as limiting the scope of the invention, which 

20 is defined by the appended claims. 
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What Is Claimed fc: 

1 1 . An endovascular device for partitioning a patient's ascending aorta 

2 between the coronary ostia and the brachiocephalic artery, comprising: 

3 a flexible shaft having a distal end, a proximal end, a first inner lumen 

4 extending therebetween, an opening at the distal end in fluid communication with the 

5 first inner lumen, and a preshaped distal portion configured to conform generally to the 

6 patient's aortic arch such that the distal end is positionable within the ascending aorta 

7 from an arterial location downstream thereof; 

8 means for straightening the distal portion of the shaft to facilitate introducing the 

9 shaft into an artery downstream of the patient's ascending aorta; and 

10 expandable means near the distal end of the shaft proximal to the opening in the 

1 1 first inner lumen for occluding the ascending aorta between the coronary ostia and the 

12 brachiocephalic artery so as to block substantially all blood flow therethrough. 

1 2 . An endovascular device for partitioning a patient's ascending aorta 

2 between the coronary ostia and the brachiocephalic artery, comprising: 

3 a flexible shaft having a distal end, a proximal end, a first inner lumen 

4 extending therebetween, an opening at the distal end in fluid communication with the 

5 first inner lumen, and a shaped distal portion configured to conform generally to at least 

6 a portion of the patient's aortic arch, wherein the distal end is positionable within the 

7 ascending aorta from an arterial location downstream thereof; and 

8 expandable qnteans near the distal end of the shaft proximal to the opening in the 

9 first inner lumen for occluding the ascending aorta between the coronary ostia and the 
10 brachiocephalic artery so as to block substantially all blood flow therethrough. 
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3 . The endovascular device of claim 2 wherein the shaped distal portion is 
preshaped so has to have a configuration in an unstressed condition suitable for 
positioning in at least a portion the aortic arch. 

4 . The endovascular device of claims 1 or 2 wherein the shaped distal 
portion is generally U-shaped in an unstressed condition to facilitate positioning the 
shaft from an arterial location downstream of the patient's aortic arch. 



5 . The endovascular device of claims 1 or 2 wherein the shaped distal 
portion includes at least one bend configured to engage an inner aortic wall. 

6. The endovascular device of claims 1 or 2 wherein the shaped distal 
portion is generally S-shaped in an unstressed condition to facilitate positioning the 
shaft from an arterial location superior to the patient's aortic arch. 

7 . The endovascular device of claim 2 further comprising means in the 
shaft for straightening the shaped distal portion. 

8 . The endovascular device of claims 1 or 7 wherein the straightening 
means comprises a movable guidewire extending through the first inner lumen. 

9. The endovascular device of claim 1 or 7 wherein the straightening 
means comprises a stylet slidably disposed in an inner lumen of the shaft. 

1 0. The endovascular device of claims 1 or 2 wherein the occluding means 
has a collapsed profile for insertion into an arteiy of the patient and an expanded profile 
for occluding the ascending aorta, the expanded profile diameter being about 5 to 10 
times the collapsed profile diameter. 
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1 11. The endovascular device of claims 1 or 2 wherein the occluding means 

2 comprises an inflatable balloon with an interior for receiving an inflation fluid for the 

3 inflation thereof. 

1 12. The endovascular device of claims 1 or 2 wherein the occluding means 

2 has a working surface for contacting a wall of the ascending aorta with a length in the 

3 range of about 3 cm to about 7 cm. 

1 13. The endovascular device of claim 1 1 further comprising an inflation 

2 lumen extending through the shaft from the proximal end to the interior of the balloon. 

1 14. The endovascular device of claims 1 or 2 further comprising a third 

2 lumen extending from the proximal end to the distal end of the shaft, the third lumen 

3 having an opening distal to the occluding means. 

1 15. The endovascular device of claim 14 further comprising means in fluid 

2 communication with the third lumen for sensing pressure distal to the occluding means 

3 through the third lumen. 

1 16. The endovascular device of claim 2 further comprising means for 

2 deflecting the distal portion of the shaft such that the distal end may be positioned in the 

3 ascending aorta spaced apart from an interior wall thereof. 

1 17. The endovascular device of claim 1 6 wherein the deflecting means 

2 comprises a guide catheter having a distal end, a proximal end, an interior lumen 

3 extending therebetween in which the shaft may be positioned, and a preshaped distal 

4 section positionable in the patient's aortic arch to deflect the distal portion of the shaft. 
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1 8 . The endovascular device of claim 1 7 wherein the preshaped distal 
section of the guide catheter is generally U-shaped in an unstressed condition. 

1 9 . The endovascular device of claim 1 6 wherein the deflecting means 
comprises a pull wire having a distal end fixed to the distal end of the shaft, and a 
proximal end to which tension may be exerted to deflect the distal portion of the shaft. 

20. The endovascular device of claim 16 wherein the deflecting means 
comprises a shaping element positionable in an inner lumen of the shaft, the shaping 
element having a preshaped distal section for deflecting the distal portion of the shaft 

2 1 . The endovascular device of claims 1 or 2 wherein the shaft has a length 
of at least about 80 cm to allow transluminal positioning of the shaft from a femoral 
artery to the ascending aorta. 

22. The endovascular device of claims 1 or 2 wherein the first inner lumen 
has a diameter of at least about 5 mm to facilitate positioning an instrument therethrough 
into the ascending aorta. 

23 . An endovascular device for partitioning a patient's ascending aorta 
between the coronary ostia and the brachiocephalic artery, comprising: 

a flexible shaft having a distal end and a proximal end, having a first inner 
lumen, an inflation lumen, and a third inner lumen extending between the proximal and 
distal ends, and having a first opening at the distal end in fluid communication with the 
first inner lumen and a second opening at the distal end in fluid communication with the 
third inner lumen, wherein the distal end is positionable within the ascending aorta from 
an arterial location downstream thereof; and 
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9 an expandable balloon near the distal end of the shaft proximal to the first and 

10 second openings and having an interior in communication with the inflation lumen, the 

1 1 balloon being configured for occluding the ascending aorta between the coronary ostia 

12 and the brachiocephalic artery so as to block substantially all blood flow therethrough, 

1 24. The endovascular device of claim 23 wherein the shaft further comprises 

2 a distal portion shaped to conform generally to the aortic arch. 

1 25. The endovascular device of claim 24 further comprising means for 

2 straightening the shaped distal portion of the shaft to facilitate introduction into an 

3 artery. 

1 26. A system for arresting a patient's heart comprising: 

2 a flexible shaft having a distal end, a proximal end, a first inner lumen 

3 extending therebetween, an opening at the distal end in fluid communication with the 

4 first inner lumen, and a preshaped distal portion configured to conform generally to at 

5 least a portion of the patient's aortic arch such that the distal end is positionable within 

6 the ascending aorta from an arterial location downstream thereof; 

7 means for straightening the preshaped distal portion of the shaft to facilitate 

8 introducing the shaft into an artery downstream of the patient's ascending aorta; 

9 expandable means near the distal end of the shaft proximal to the opening in the 

10 first inner lumen for occluding the ascending aorta between the coronary ostia and the 

1 1 brachiocephalic artery so as to block substantially all systolic and diastolic blood flow 

12 therethrough; and 

13 means for paralyzing the patient's myocardium. 
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1 27. The system of claim 26 wherein the preshaped distal portion is generally 

2 U-shaped in an unstressed condition to facilitate positioning the shaft from an arterial 

3 location downstream of the patient's aortic arch. 

1 28. The system of claim 26 wherein the preshaped distal portion is generally 

2 S-shaped in an unstressed condition to facilitate positioning the shaft from an arterial 

3 location superior to the patient's aortic arch. 

1 29 . The system of claim 26 wherein the means for paralyzing the patient's 

2 myocardium comprises a cardioplegic fluid supply connected to the proximal end of the 

3 shaft in fluid communication with the first inner lumen for delivering cardioplegic fluid 

4 through the opening in the distal end. 

1 30. The system of claim 26 further comprising means for withdrawing 

2 blood from a venous location upstream of the heart, means for oxygenating the 

3 withdrawn blood, and means for directing the oxygenated blood to an arterial location 

4 downstream of the occluding means. 
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1 31. The system of claim 26 further comprising a third inner lumen in the 

2 shaft, the third inner lumen having an opening distal to the occluding means, and means 

3 at the proximal end of the shaft in fluid communication with the third inner lumen for 

4 measuring aortic pressure distal to the occluding means. 

1 32. The system of claim 26 wherein the straightening means comprises a 

2 stylet slidably disposed in the inner lumen of the shaft. 



1 



33. A method of arresting a patient's heart comprising: 
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2 introducing a distal end of a shaft of an endovascular partitioning device into a 

3 blood vessel downstream of the patient's ascending aorta, the shaft having a preshaped 

4 distal portion configured to conform generally to the shape of the aortic arch; 

5 transluminal^ positioning the shaft so that the distal end is in the patient's 

6 ascending aorta and an expandable occluding member attached to the shaft near the 

7 distal end is disposed in the ascending aorta between the patient's coronary ostia and 

8 the patient's brachiocephalic artery; 

9 expanding the occluding member within the ascending aorta to completely block 

10 blood flow therethrough for a plurality of cardiac cycles; and 

1 1 infusing cardioplegic fluid into coronary blood vessels to paralyze the patient's 

12 myocardium. 



1 34. The method of claim 33 wherein the step of infusing comprises 

2 delivering cardioplegic fluid through an inner lumen of the shaft into the ascending 

3 aorta upstream of the occluding member. 

1 35. The method of claim 33 wherein the preshaped distal portion of the shaft 

2 is generally U-shaped, the shaft being introduced at an arterial location downstream of 

3 the patient's aortic arch. 

1 36. The method of claim 35 wherein the blood vessel is a femoral artery. 

1 37 . The method of claim 33 wherein the preshaped distal portion is 

2 generally S-shaped in an unstressed condition, the shaft being positioned from an 

3 arterial location superior to the patient's aortic arch.. 



1 38. The method of claim 37 wherein the blood vessel is a brachial artery, 

2 carotid artery, or brachiocephalic artery. 
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1 39. The method of claim 33 further comprising straightening the distal 

2 portion to facilitate introducing the shaft into the blood vessel. 

1 40. The method of claim 39 wherein the step of straightening comprises 

2 positioning a stylet in an inner lumen of the shaft 

1 41. The method of claim 33 further comprising withdrawing blood from a 

2 venous location upstream of the patient's heart, oxygenating the withdrawn blood, and 

3 directing the oxygenated blood to an arterial location downstream of the occluding 

4 member. 
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FIG. 2A. 
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